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Graphene oxide (GO) is widely used in various fields and is considered to be relatively biocompatible. 
Herein, "indirect" nanotoxicity is first defined as toxic amplification of toxicants or pollutants by 
nanomaterials. This work revealed that GO greatly amplifies the phytotoxicity of arsenic (As), a widespread 
contaminant, in wheat, for example, causing a decrease in biomass and root numbers and increasing 
oxidative stress, which are thought to be regulated by its metabolisms. Compared with As or GO alone, GO 
combined with As inhibited the metabolism of carbohydrates, enhanced amino acid and secondary 
metabolism and disrupted fatty acid metabolism and the urea cycle. GO also triggered damage to cellular 
structures and electrolyte leakage and enhanced the uptake of GO and As. Co-transport of GO-loading As 
and transformation of As(V) to high-toxicity As(III) by GO were observed. The generation of 
dimethylarsinate, produced from the detoxification of inorganic As, was inhibited by GO in plants. GO also 
regulated phosphate transporter gene expression and arsenate reductase activity to influence the uptake and 
transformation of As, respectively. Moreover, the above effects of GO were concentration dependent. Given 
the widespread exposure to As in agriculture, the indirect nanotoxicity of GO should be carefully considered 
in food safety. 

Graphene oxide (GO) nanosheets, a novel engineered nanomaterial, have been applied in various fields, 
such as biology, chemistry, medicine, exploration and environmental protection^'^. Before using GO in 
such applications, it is essential to scientifically understand ecological risk and health significance of this 
material. The interactions of GO with biological molecules (DNA and proteins) as well as its cytotoxicity, uptake, 
pharmacokinetics and hematopathology have mainly been examined in animal experiments^'^, while its phyto- 
toxicity remains largely unexplored. Considering that plants are the primary producers in ecosystems, under- 
standing the interactions between nanomaterials and plants is crucial for comprehending the impact of 
nanomaterials on ecosystems and food safety. However, little progress has been made in this arena^"^. 

The direct nanotoxicity of GO observed in living organisms suggests that GO is relatively biocompatible. For 
instance, GO acts as a general enhancer of cellular growth by increasing cell attachment and proliferation^ 
Further investigations based on histological examination of organ slices and hematological analyses revealed 
that GO toxicity in the treated animals was insignificant^. The positive impacts of 400 mg/L of GO included 
significant improvement of the plant health status indicated by decreased levels of H2O2 and lipid and protein 
oxidation^°. In fact, exposure of living organisms to multi-toxicants or pollutants is generally concomitant in the 
natural environment, rather than occurring in single exposure events. For instance, multiwalled carbon nano- 
tubes and fullerenes increase the accumulation of pesticides in agricultural plants, with implications for food 
safety^ \ Fullerenes also increase the toxicity and bioaccumulation of xenobiotic organic compounds in algae and 
crustaceans^^. Diuron sorbed onto carbon nanotubes enhances toxicity to Chlorella vulgaris^^. Nano-Fe203/Al203 
significantly enhances the toxicity and accumulation of arsenic (As) (V) compounds in Ceriodaphnia duhia^"^. 
These results all indicate toxic amplification of toxicants or pollutants by nanomaterials. Herein, this phenom- 
enon is defined as "indirect" nanotoxicity. 

In addition to the amplification of uptake indicated above, "indirect" nanotoxicity can involve multiple 
phenomena, such as toxic amplification of coexistent toxicants via the regulation of transformation, metabolism, 
genes, proteins and enzymes. As is a ubiquitous toxic element and shows the potential to pose a great risk to 
animal and human health^^. GO, which has a large hydrophilic- specific surface, can directly adsorb and indirectly 
transform As species^^"^^. Wheat (Triticum aestivum L.) is one of the most important food crops globally and is a 
recommended model organism in the guidelines for chemical testing proposed by the Organization for Economic 
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Co-operation and Development (OECD)^^. Widespread As contam- 
ination in wheat is a global issue^°"^^. The influence of GO on the 
uptake, transformation, metabolism and molecular toxicity of As in 
wheat is a critical issue in food safety. However, there is little available 
information related to this topic. 

The primary goals of this study were to thoroughly assess the 
indirect nanotoxicity of GO in relation to As in wheat. Specifically, 
we determined: (i) the effects of GO on phytotoxicity of As, including 
growth inhibition and oxidative stress; (ii) the metabolic regulation 
of toxicity amplification; (iii) the influence of cell structure damage 
and permeability on the uptake of GO and As; (iv) the regulation of 
As uptake and transformation through the chemical interactions of 
GO; and (v) the regulation of As uptake and transformation through 
the biological interactions of GO, such as through gene expression 
and enzymes catalysis. 

Results 

Characteristics of GO. The surface chemistry of GO is described in 
Figure SI. X-ray photoelectron spectroscopy (XPS) images showed 
that GO included 59.99% Cls, 36.57% Ols and 3.44% Nls. Cls was 
shown to be a composite of C-C (46.79%), C-H (42.59%) and C-O-C 
(10.62%), while Ols was a composite of C=0 (75.24%) and 0 = C-0 
(24.76%) and Nls was attributed to N-C (88.20%) and N=C 
(11.80%). These oxygen- and nitrogen -containing groups result in 
the hydrophilic surface of GO. The characteristics of GO are further 
analyzed in Figure S2. A peak at 230 nm and a peak shoulder from 
approximately 280 to 300 nm, which are the typical adsorption peaks 
of GO, were observed. There was no obvious alteration of spectra 
after 8 days in the GO (10 mg/L) solution, suggesting that GO is very 
stable in the aqueous phase. This excellent stability represents a 
benefit for the interactions between GO and organisms. Field 
emission transmission electron microscopy images showed 
irregular folds on GO nanosheets, which reflected the flexibility of 
GO. Atomic force microscope imaging demonstrated that the 
thickness of GO nanosheets was approximately 0.8-1 nm. The 
diameter ranged from approximately 1-5 |im. Hence, as a wide 
size distribution would increase the nondeterminacy of the 
nanotoxicity test GO was treated using ultrasound (150 W, 
30 min) prior to nanotoxicity testing, leading to a narrow size 
distribution (465-486 nm, centered on 476 nm). The Raman 
spectrum was used to characterize the structure of GO, as shown 
in Figure S3. The typical D and G bands of graphene, located at 
approximately 1355 and 1602 cm"\ were detected; these bands 
reflect the disordered structure and ordered sp^ carbon system of 
graphene, respectively^^'^^. Other features included the 2D band 
and combined-mode D + G band located at approximately 2747 
and 2939 cm~\ respectively. The positions and intensity of the 2D 
bands reflect the number of graphene layers^^'^^: the 2D band of 
single-layer graphene centers around 2679 cm"\ and the 2D/G 
intensity ratio of single-layer graphene is >1.6^^. In this work, the 
2D peak was located at approximately 2747 cm~\ and the 2D/G 
intensity ratio was found to be 0.6 for the single-layer GO. 
Compared to pristine graphene, the disagreement likely was due to 
the oxygen -containing groups in GO^^ 

GO amplifies the toxicity of As(V). The effects of GO and As(V) on 
wheat seed germination are presented in Figure 1. Compared with 
the control, As(V) and GO did not significantly inhibit seed 
germination, by having assessed using the fresh weight, the 
germination rate, the root length, the root number and the shoot 
length, as shown in Figure la. Concerning positive effects, As(V) 
slightly increased the germination rate and the root number. The 
shoot length significantly reduced with an increase in the GO 
concentration in the AsGO groups. It appears that GO directly 
affected the shoot length and As(V) enhanced the impact of GO 
under the condition of As(V) and GO co-exposure. AsGO 0.1 



markedly (P < 0.05) reduced the shoot length and this reduction 
was more intensive with an increase in GO concentrations. AsGO 10 
significantly reduced both the fresh weigh and the shoot length. 
Chlorophyll biosynthesis, malondialdehyde (MDA) contents and 
the activities of peroxidase (POD) and superoxide dismutase 
(SOD) exhibited similar effects to growth inhibition, as shown in 
Figure lb. There were no significant differences between the 
control and As(V) groups. GO directly affected the SOD and POD 
activities, and the toxicity was significantly amplified by the co- 
exposure of As(V) and GO. AsGO induced a significant reduction 
of chlorophyll contents, especially that of chlorophyll b. The activity 
of SOD increased with an increase in the concentration of GO in the 
AsGO groups. The changes in MDA as an indicator of lipid 
peroxidation were not significant among all groups. The above 
results suggested that the relatively biocompatible GO markedly 
enhanced the phytotoxicity of As. 

Metabolism regulates the amplification of nanotoxicity. Com- 
pared with proteins and genes, metabolic changes directly reflect 
biological processes^^'^^. Herein, metabolomics analyses were 
conducted to elucidate the mechanisms of indirect nanotoxicity of 
GO in the presence of As. A total of 200 peaks in each sample were 
analyzed, and 65 metabolites were identified, as shown in Tables SI 
and S2. Compared with other results from metabolic analyses (e.g., 
using ^H NMR technology), the applied extraction procedure and gas 
chromatography-mass spectrometry/mass spectrometry with the 
derivatization method were effective for analyzing the multiclass 
metabolites of plant cells^^'^^. These metabolites correspond to the 
main metabolic pathways involved in carbohydrate, amino acid and 
fatty acid production, secondary metabolism and the urea cycle. The 
metabolites were analyzed using t- tests in Multiple Experiment 
Viewer 4, and the metabolites that were found to show significant 
differences (P < 0.05) in the roots and shoots, which are listed in 
Figure 2a and 2b, respectively. Based on hierarchical clustering 
(HCL) analysis, the root metabolites were divided into two 
clusters: the control and As/GO/AsGO. Furthermore, the As/GO/ 
AsGO cluster was divided into two sub -clusters: As and GO/ AsGO. 
Similarly, the shoot metabolites were divided into two clusters: the 
control and As/GO/AsGO; and As/GO/AsGO was further divided 
into two sub-clusters: As/GO and AsGO. Principal component 
analysis (PCA) was also employed to illustrate the metabolic 
specificity among different groups (Figure 2c). The samples were 
divided into two groups: the control and As/GO/ AsGO. The 
discrete scores suggested that the metabolism displayed significant 
differences among the As, GO and AsGO groups. The above results 
demonstrated that AsGO markedly altered the metabolism in the 
control. As and GO groups. 

The results in Figure 1 suggest that the root number and chloro- 
phyll b content were sensitive to AsGO toxicity in the roots and 
shoots, respectively. To further assess metabolic regulation, using 
both the root number and chlorophyll b as Y variables, an orthogonal 
partial least squares discriminant analysis (OPLS-DA) model was 
implemented (Figures S4-6). In the roots, 7 of 23 metabolites showed 
a positive coefficient CS (coeffCS) value, indicating that these meta- 
bolites made positive contributions to the observed root number. 
Among these 7 metabolites, AsGO reduced the contents of xylose, 
maltose, aspartic acid and aconitic acid with a VIP (variable import- 
ance for the projection) of more than 0.7. Accordingly, the remaining 
metabolites made negative contributions to the observed root num- 
ber. AsGO increased the contents of 16 metaboUtes, and the meta- 
bolites exhibiting a VIP of more than 1.4 included naphthalene, 
monopalmitin, asparagine, galactose and cyclononasiloxane octade- 
camethyl-. In the shoots, 9 of 57 metabolites with a positive coeffCS 
made positive contributions to the anabolism of chlorophyll b. 
Among these 9 metabolites, AsGO decreased the contents of galac- 
topyranoside and galactose, which showed a positive coeffCS with a 
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Figure 1 | Growth inhibition and oxidative effects in wheat exposed to As and GO. Number of replicates, n = 3. In Figure la and b, * represents 
significant differences (P < 0.05) compared with the control and As groups. The units for the enzyme activities of POD and SOD are U/mg/protein and 
U/mg/protein, respectively. The units for chlorophyll a, chlorophyll b and MDA are mg/g. GOO. 1-10, graphene oxide 0.1-10 mg/L; As, arsenic(V), 
10 mg/L; POD, peroxidase; SOD, superoxide dismutase; MDA, malondialdehyde. 



VIP of more than 1.3. The remaining 48 metabolites made negative 
contributions to the anabolism of chlorophyll b. AsGO enhanced the 
contents of the 48 metabolites, and the metabolites with a VIP of 
more than 1.3 included monopalmitin, galactofuranoside, pentaric 
acid, propanoic acid, alkane, lysine, serine, threonine, phenylalanine, 
leucine and isoleucine. The identified high-VIP metabolites are orga- 
nized in Figure 3, which indicates the effects of AsGO on the main 
metabolic pathways of cells. Compared with the control and the 
As-only and GO-only treatments, AsGO inhibited carbohydrate 
metabolism, enhanced amino acid and secondary metabolism and 
disturbed fatty acid metabolism and the urea cycle. These results are 
the first to reveal the mechanisms underlying indirect nanotoxicity 
using metabolomics. 



Promoted damage of the cell structure by uptake of GO and As. To 

investigate the structural damage to the cell wall and plasma mem- 
brane, the Fourier transform infrared spectroscopy (FTIR) spectra 
and electrolyte leakage in root cells were studied. Compared with the 
control/As-only/GO-only treatments, AsGO increased the abun- 
dance of amino groups, hydroxyl groups, cellulose and polysaccha- 
rides on the cell surface (Figure 4a), indicating structural damage to 
the cell wall and plasma membrane. Electrolyte leakage was further 
used to detect membrane permeability. As shown in Figure 4b, As 
and GO did not induce obvious electrolyte leakage. However, AsGO 
led to significant electrolyte leakage, which increased with the GO 
concentration. Furthermore, transmission electron microscopy 
(TEM) images confirmed the structural damage to the cell wall 



SCIENTIFIC REPORT: | 4 : 61 22 | DOI: 1 0.1 038/srep061 22 



3 



C As GO AsGO 



C As GO AsGO 




Ribose 

Alkaiie 

Glucose 

Isoleuciiie 

Plieuylalaiiiue 

Proline 

Uiea 

Glucopyiaiiose 

Maltose 

Pentai ic acid 

Aspaitic acid 

Xylose 

Acouitic acid 

Galactofiu"aiiose 

Laiiostaiie 

Leucine 

Azelaic acid 

Scopoliii 

Galactose 

Aspaia2;iiie 

Moiiopalmitin 

Naphthalene 

Cy c loiioiias i 1 oxaiie , o ctadecainetbyl- 

r 2.0 





20 



PCA1 



PCA1 98.8% 
PCA2 0.8% 




Fr opaowtr i cwrboxyli c mcid 

G al ac t o f vii~ ano s i 

Manjvopyi'fOios* de- 

Phenyl al &ixi n« 

Alkane 

Leucine 

Xhreoxiixie 

Xsol^ucin,* 

Serine 

Retiiuol 

Monop^mi tin 

Pr oil ne 

Azelaic acid 

C«idav«>r in* 

Glut amine 

Glue opyi" ajxo s i d# 

Scopolin 

H axmopyr aito s e 

Ax ab I i\o fur Ano s # 

Ribose 

naphthalene 

Cyclononasiloxane. oct adecamethyl" 

Xyl opy^ ano s e 

Xylose 

Glue o s e 

Aspu-tic acid 

X hr e OFLi c acid 

Gluconic acid 

Pentftrie acid 

Glycerol 

G eJ. ac t o f xir urtos • 

Fr op anaitii ne 

Gal&ct opyi- anos* 

But yl am i ne 

Phosphoric acid 

Maltose 

Phthalic acid 

Urea 

Gluci t ol 
Ai-abi t ol 

Hexadecai^oi c «cid 

Butanoic acid 

Haxini i ol 

Glue opyr ano s e 

Ab i«tic acid 

Glyeme 

Fruct OS* 

Alanine 

Lanost an« 

Lys i ne 

Propanoic acid 

Gal act opyi-anosi de 
Hannose 

Galacturonic acid 



Figure 2 | Metabolic analysis of plant cells exposed to GO and As(V). The relative contents of metabolites are represented by heat maps for root (a) and 
shoot (b) samples. These metabolites show significant differences (P <0.05) between the tested groups. Cluster analysis of the metabolites was carried out 
using HCL. (c) Cluster analysis of the metabolites using PCA. GO, graphene oxide; HCL, hierarchical clustering; PGA, principal component analysis. 



and plasma membrane (Figure 5). The plasma membrane was close 
to the cell wall in the control, and slight plasmolysis occurred in the 
As sample. However, remarkable plasmolysis was observed in the 
GO sample and especially for the AsGO sample, as indicated by the 
pink arrows in Figure 5a-d. The elliptical outlines of root cells 
changed to irregular outlines in the GO and AsGO images. In the 
shoot TEM images from the control. As and GO groups, elliptical 
chloroplasts adhered to the plasma membrane and regular 
thylakoids in the chloroplasts were visible. However, the elliptical 
chloroplasts became circular and were distant from the plasma 
membrane, and the structure of the thylakoid was damaged in 
shoot TEM images from the AsGO group, as indicated by the 
yellow and black arrows in Figure 5e-g. In addition, plasma 
membrane folding was observed, as indicated with a blue circle in 
an AsGO image. It is possible that GO increased the permeability of 
plant cells and then enhanced the uptake of GO and As via passive 
transport across the plasma membrane. Compared with the control 
and As samples, remarkable GO deposition was observed in roots 
exposed to GO and AsGO, as indicated by the green arrows. 
Compared with GO (Figure 5g), AsGO induced a great deal of GO 



deposition, which is indicated in the cytoplasm with blue arrows 
(Figure 5h) for shoot samples. 

There is no question of the intracellular uptake of As, but the 
uptake of GO in plant cells remains unclear. To characterize the 
uptake of GO, the compositions of the dark dots in plant cells 
shown in Figure 5d (root) and h (shoot) were characterized using 
the Raman spectra, as shown in Figure 6. The typical D and G 
bands of GO located at 1,349 and 1,590 cm"^ were detected in the 
dark dot compositions of the root samples. In contrast, there were 
no obvious GO peaks outside of the dark dots. Similar results were 
found in the shoot samples, although the signals were very weak. 
These results demonstrated that GO entered the plant cells. 
Furthermore, TEM-EDX was used to semi- quantitatively analyze 
the uptake of As (Figure 7). In the root samples, the content of As 
inside and outside of the dark dots was 0.5% and 0.1%, respect- 
ively. For the shoot samples, the content of As inside and outside 
of the dark dots was 0.4% and 0.0%, respectively. The above 
results demonstrated that As loaded onto GO was taken up via 
co-transport. In summary, cell structure damage enhanced the 
uptake of GO and As. 
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Figure 3 | Effects of AsGO on the main metaboUc pathways of plant cells. The metabolites labeled with arrows showed significant differences (P < 0.05) 
between the tested groups. Compared with the control, As-only and GO-only groups, AsGO induced metabolic changes with a high VIP in roots and 
shoots, which are indicated with blue and red arrows, respectively. The directions of the arrows indicate the up-regulation and down-regulation of 
metabolites. The filled and dotted black arrows represent direct and indirect reactions, respectively. VIP, variable importance for the projection; GO, 
graphene oxide; As, arsenic. 



GO regulates As uptake and transformation through genes and 
enzymes. The uptake and transformation of As(V) were further 
quantified using the liquid chromatograph-inductively coupled 
plasma mass spectrometer (HPLC-ICP-MS). The uptake rate of As 
was high in the plants, as shown in Figure 8a. Compared with the 
19.9% rate of As uptake recorded without GO exposure, the uptake 
rate of As increased to 24.6% and 32.1%, then decreased to 16.1% in 
the presence of GO concentrations of 0.1, 1 and 10 mg/L, 
respectively. Therefore, the regulation of uptake of As by GO was 
concentration dependent. Both of As(V) and As(III) were detected in 
all groups, suggesting transformation of As(V) to As(III) in vivo. 
Moreover, DMA was detected in the group exposed to As(V) 
alone. GO enhanced the accumulation ratio of As(III) in the roots, 
with root-to-shoot concentration ratio of 14.0, 10.9, 16.8 and 22.1 
being observed in the As, AsGO 0.1, AsGO 1 and AsGO 10 groups, 
respectively. The accumulation ratio for As(V) was 4.2, 9.1, 11.4 and 
7.2 in As, AsGO 0.1, AsGO 1 and AsGO 10 groups, respectively, 
showing concentration dependence. In summary, the generation of 
DMA to detoxif)^ inorganic As was inhibited by GO, and GO led to 
the accumulation of high-toxicity As(III) in wheat roots. 

To identif)^ roles of direct chemical regulation in As uptake and 
transformation by GO, the interaction of GO with As(V) in the 
aqueous phase was investigated (Figure 8b). In the As-only group, 
13.4% of As(V) was transformed to As(III). In the other groups, GO 
did not significantly alter transformation of As(V). However, 73.5- 



76.6% of the transformed As(III) was absorbed on GO, and the rate 
of transformation was not significantly different in the different 
groups. The ratio of absorbed As to total As increased with the GO 
concentration, with values of 3.1, 8.9 and 12.1% being obtained in 
GO 0.1, GO 1 and GO 10, respectively. These results showed that As, 
especially As(III), was adsorbed onto GO, but GO played a limited 
role in transformation of As through direct chemical reactions. To 
further identify the functions of biological regulation in As uptake 
and transformation by GO, the intracellular activities of key enzymes 
and gene expression were quantified, as shown in Figure 8c. GO at 
low and moderate concentrations (0.1 and 1 mg/L) enhanced the 
expression of phosphate transporter genes that transport As through 
the plasma membrane, but their expression decreased under a high 
concentration of 10 mg/L GO. The activity of arsenate reductase, 
which plays an important role in transformation of As(V) to 
As(III), showed similar changes to the expression of phosphate 
transporter genes. The activity of arsenate reductase was enhanced 
and then inhibited by increasing GO concentrations. These results 
demonstrated that GO regulated As uptake and transformation 
through both chemical and biological processes and this regulation 
was concentration dependent. 

Discussion 

In general, GO is thought to be relatively biocompatible compared 
with metal nanoparticles and other carbon nanomaterials^'^°"^^. No 
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Figure 4 | Structural damage to the cell wall and plasma membrane. 

Fourier transform infrared spectra (a) and electrolyte leakage (b) in root 
cells. GO 10 and GOl are cells exposed to 10 and 1 mg/L GO, respectively. 
As, arsenic (V) 10 mg/L; GO, graphene oxide. The chemical groups in the 
Fourier transform infrared spectra refer to previous work^^"^^. 

adverse effects of GO on the growth and biomass of higher plants, 
such as cabbage, tomato, red spinach and lettuce, have been observed 
at concentrations below 400 mg/L^'^°. Treatment with GO dosages 
ranging from 0.1 to 10 mg/L does not significantly disturb seed 
germination in wheat, as demonstrated based on the growth, biomass 
and oxidative stress of the plants. Although GO slightly reduced root 
growth, the reduction was not remarkable. The amino groups on 
biological cells could interact with GO, resulting in GO wrapping 
or adsorbing around cells; the cells were then isolated from the cul- 
ture medium, leading to a reduction in plant growth^^ Treatment 
with As(V) at a concentration of 10 mg/L also did not induce sig- 
nificant adverse effects, but considerable adverse effects were 
observed when wheat was exposed to As(V) and GO together, even 
at a very low dose (0.1 mg/L) of GO. Compared with that in the 
control, the application of 0.1 mg/L of GO with As triggered a reduc- 
tion of shoot length and chlorophyll b contents and a increase of SOD 
activity. Similarly, when the 24-h mortality of Ceriodaphnia duhia 
was assessed, 2.4-3.2 mg/L As(V) led to an increase from 2.5-37.5% 
without nanoparticles to 43-65% in the presence of 10-50 mg/L 
nano-Al203 and nano-Al203^^. Given that As contamination is wide- 
spread in agricultural plants such as wheat, rice and corn^^'^^, the 
impact of "indirect" nanotoxicity on food safety should be 
considered. 

The potential benefits of applying metabolomics to reveal molecu- 
lar mechanisms of nanotoxicology and nanomedicine are only start- 




Figure 5 I Transmission electron microscopy images of plant cells. Pink 
arrows indicate the cell wall in (a)-(d). Green arrows indicate GO 
deposition in the cytoplasm for (c) and (d). Yellow arrows indicate 
chloroplasts in (e)-(h). Black arrows indicate thylakoids in (e)-(h). Blue 
arrows indicate GO deposition in the cytoplasm for (g) and (h) images. 
The blue circle indicates the plasma membrane in (h). Cw, cell wall; Pm, 
plasma membrane; Chi, chloroplast; Thy, thylakoid. Scale bar, 5 \\m. 
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Figure 7 | Energy dispersive spectra of the dark dot compositions of the plant cells from Figure 5d (root) and h (shoot) exposed to AsGO. 



ing to be realised^'^^ Compared with the control/As-only/GO-only 
treatments, AsGO inhibited carbohydrate metabolism, except for 
galactofuranoside. The inhibition of carbohydrate metabolism was 
linked to the insufficiency of energy supplementation, which was 
consistent with growth inhibition. Carbohydrate metabolism is also 
considered to be an indicator of osmoprotection^^. Thus, the results 
depicted in Figure 4b indicate that AsGO increased cellular electro- 
lyte leakage. There is extensive and unequivocal evidence that amino 
acid metabolism and secondary metabolism in plants are associated 
with the cellular response to the stress^^"^^. AsGO enhanced amino 
acid and secondary metabolism, including that of leucine, glycine, 
phenylalanine, naphthalene and octadecamethyl-cyclononasiloxane. 
Compared with that in the other groups, AsGO significantly 
enhanced the accumulation of a saturated fatty acid (alkane). 
Increases in saturated fatty acids are linked to the reduction of mem- 
brane fluidity^°, which most likely led to the membrane structure 
damage depicted in Figures 4 and 5. AsGO also disturbed the urea 
cycle and induced the accumulation of amino acids, such as lysine, 
threonine, asparagine and isoleucine. Specifically, the pathway of 
nitrogen storage was altered. These metabolic responses may be 
helpful for understanding the molecular mechanisms underlying 
toxicity amplification from the co-exposure of As(V) and GO to 
plants. 



The mechanisms of the uptake of GO, and even carbon nanoma- 
terials, into plant cells remain obscure at present. Fullerenes up to 
100 nm in diameter enter the gaps between the cell wall and the 
plasma membrane'*\ suggesting that nanomaterials can penetrate a 
cell wall even when they are larger than the cell wall pores^\ As 
shown in Figure 5c and d, uptake of GO was observed in TEM images 
and was confirmed by the Raman spectra presented in Figure 6. 
Generally, the uptake of nanomaterials is increased by the enhance- 
ment of permeability^\ AsGO triggered structural damage to the cell 
wall and plasma membrane and increased electrolyte leakage 
(Figure 4), which generally occurred for very high concentrations 
(more than 100 mg/L) of GO exposure to cells^^'^^. Moreover, 
Figure 5c and d demonstrates that plasmolysis occurred. It has been 
proposed that carbon nanotube and nano-ZnO materials enter the 
roots of seedlings by increasing the permeability of plant cell walls^^. 
After the uptake of GO and As, the damage and structural alterations 
observed in organelles were considerable, including destruction of 
chloroplasts, which corresponded to a decrease of chlorophyll 
biosynthesis. 

Another important finding was that As accumulated on GO in 
cells (Figure 7), demonstrating that GO increased the uptake of As 
via co-transport. Figure 8a shows that 0.1 and 1 mg/L GO enhanced 
the uptake of As, whereas 10 mg/L GO reduced As uptake. 
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Figure 8 | GO-regulated As uptake and transformation. GO -regulated As 
uptake and transformation in roots and shoots (a). GO-regulated As 
uptake and transformation in the aqueous phase (b). GO-regulated 
activity of arsenate reductase and the expression of phosphate transporter 
genes (c). GO, graphene oxide; AsGOO.1-10, 10 mg/L As(V) with GO 
ranged from 0.1-10 mg/L. DMA, dimethylarsinate. 



Concerning direct chemical interactions, our results showed that As, 
and especially As(III), could be absorbed on GO, and the absorption 
increased with the GO concentration (Figure 8b). These findings 
implied that the uptake of As involved pathways other than chemical 
interactions alone. It has been reported that As is taken up by plants 
via phosphate transporters^l Recently, the genotoxicity of graphene- 
based materials has attracted much attention^^''*^ Figure 8c shows 
that low concentrations of GO increased the expression of phosphate 
transporter genes, while high concentrations of GO decreased their 
expression. Therefore, GO influenced the uptake of As via at least 
three pathways: permeability regulation, co-transport and trans- 
porter gene regulation. DMA is a less toxic methylated form of inor- 
ganic As^^. GO inhibited the formation of DMA in plants and then 
enhanced the phytotoxicity of As, as shown in Figures 1 and 8a. 
As(III) is more toxic in terms of ecological and health risks than 
As(V)^'. Figure 8a shows that the ratio of As(III) to As(V) first 
increased and then decreased with the GO concentration in both 
the roots and shoots. Goncerning direct chemical reactions, as indi- 
cated in Figure 8b, GO increased the transformation of As(V) to 
As(III), but there was no significant change associated with the GO 
concentration. Arsenate reductase activity is considered to play a 
critical role in the transformation of As(V) to As(III) in plants^^'^^. 
GO regulated the transformation of As through arsenate reductase 
activity (Figure 8c). Therefore, GO regulated the uptake and trans- 
formation of As through chemical and biological processes together. 

In conclusion, "indirect" nanotoxicity is defined as toxic amp- 
lification of other toxicants or pollutants by nanomaterials. This 
work comprehensively analyzed "indirect" nanotoxicity of the rela- 
tively biocompatible GO, which amplified the phytotoxicity of wide- 
spread As in wheat. The indirect nanotoxicity of GO involved at least 
five components, as described in Figure S7: (i) enhancement of 
growth inhibition and oxidative stress; (ii) regulation of key forms 
of metabolism, such as carbohydrate, amino acid and secondary 
metabolism; (iii) increasing damage to cell structures and permeab- 
ility; (iv) regulation of As uptake and transformation via chemical 
interactions, such as through As loading onto GO entering the cell; 
and (v) regulation of As uptake and transformation via biological 
interactions, such as transporter gene expression and enzyme cata- 
lysis. Given the widespread exposure to As in agriculture, "indirect" 
nanotoxicity of GO should be considered in relation to food safety. 

Methods 

Characteristics of GO nanosheets. GO nanosheets were obtained from Nanjing 
XFNANO Materials Tech Co., Ltd., China. XPS measurements were conducted using 
the Axis Ultra XPS system (Axis Ultra DLD, Kratos) with a monochromatic Al Ka X- 
ray source (1486.6 eV). The spectra were analyzed with Casa-XPS V2.3.13 software. 
Samples were prepared and dispersed in absolute ethanol, and atomic force 
microscopy (AFM) and field emission TEM measurements were then conducted on a 
Veeco Nanoscope 4 or JEM-2010 FEF, respectively. UV spectra were obtained using a 
TU-1901 spectrophotometer with UVWinS software. The size distribution was 
detected through wide-angle light scattering (BI-200SM, Brookhaven). Raman 
spectrometry (Thermo Scientific, DXR) with a 514 nm laser was used to analyze GO 
structure. 

Seed germination experiment. Wheat {Triticum aestivum L.) seeds were sterilized 
for 20 min using 2% H2O2. Subsequently, the seeds were completely rinsed using pure 
water (18.2 Q/cm). Double-layer filter paper (diameter, 9 cm) was placed in a culture 
dish. In a same volume of 6 mL, 10 mg/L As(V); 0.1-10 mg/L GO; 10 mg/L As(V) 
plus 0.1-10 mg/L GO; and pure water were added to different culture dishes, 
respectively. In each culture dish, 15 seeds with the same diameter and shape were 
germinated. For uniformity, the seeds were arranged on the plates with consistent 
growth spacing. The culture dishes were placed in a climate chamber at 3000 Lx 
irradiation under a temperature of 24°C temperature 80% humidity. 

Plant growth and oxidative stress. To avoid the influence of other factors, the culture 
medium, temperature and spacing were kept uniform for all groups, such that these 
factors did not have adverse effects on plant growth during germination. To reduce 
differences among manipulations, four dishes were prepared for each group. 
Germination was performed for eight days. The fresh weight, leaf length, root length 
and root number were recorded using a plant analyzer (EPSON PerfectionV700 
Photo, Silver Fast STD4800). The content of chlorophyll a, the activities of SOD/POD 
and content of MDA were analyzed using a TU-1901 spectrophotometer, as described 
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previously*^. The concentration of lipid peroxides was quantified in terms of the 
MDA concentration. As monitored at 560 nm, SOD activity was assayed by 
measuring the ability of the enzyme extract to inhibit the photochemical reduction of 
nitrotetrazolium blue chloride. After the enzyme extract reacted with H2O2, POD 
activity was measured based on the H2O2 decomposition rate, using guaiacol as a 
hydrogen donor, and CAT activity was estimated based on the decrease in absorbance 
at 240 nm. 

Metabolic analyses. To obtain representative material from large plant tissues, root 
and shoot tips (length, 1 cm) were collected from more than 30 random plants using a 
sharp knife. To avoid metabolic alterations during preparation, the root and shoot 
tips (0.1 g) were snap-frozen in liquid nitrogen and then ground with 2 mL of a 
solution of methanol : chloroform : water (volumetric ratio = 2.5 : 1 : 1) and 0.2 mg/ 
mL ribitol (50 [lL) as an internal standard. Metabolites were intensively extracted 
using ultrasound (200 W, 30 min) in an ice bath, then centrifuged for 10 min at 
9,000 g at 4°C. The supernatant was subsequently collected, and the sediment was 
extracted again using 1 mL of a methanol : chloroform solution (volumetric ratio = 
1:1), after which ultrasound and centrifugation were performed as described above. 
This supernatant was mixed with the previously collected supernatant, and water 
(500 |iL) was added, followed by centrifugation at 9,000 g for 5 min. The lower phase 
was dried through nitrogen blow-off. For the upper phase, methanol was removed via 
nitrogen blow-off, and the remaining water was lyophilized. Methoxamine 
hydrochloride (20 mg/mL, 50 [iL) and N-methyl-N- 

(trimethylsilyl)trifluoroacetamide (80 [lL) were added as derivatives. Samples (1 [lL) 
were injected into the gas chromatography column in split mode (1 : 25). Gas 
chromatography (Agilent 6890N, Agilent Technologies, USA) linked with quadruple 
mass spectrometry (Agilent 5973, Agilent Technologies, USA) was applied to analyze 
metabolites. The detection and identification of metabolites were performed in a 
previous study by our group"**^. 

Electron microscopy and spectroscopy analysis. TEM was used to investigate the 
cellular ultrastructure. Tips of roots and shoots were thoroughly washed using water, 
prefixed in 2.5% glutaraldehyde, postfixed in 1% osmium tetroxide for 2 h, 
dehydrated in a graded ethanol series and then embedded in epoxy resin (ETON 812). 
Ultrathin sections (80 nm) were cut using an ultramicrotome with a diamond knife 
(Leica EM FC7). TEM images were obtained on Hitachi HT7700 TEM. TEM coupled 
EDX (JEM-2010FEF, phoenix 60 t) was conducted to detect elements in the roots and 
shoots. The operation parameters were as follows: 200.00 kV, 45.00 azimuth, 51.2 
ampT Sutw-sapphire detector type, with a resolution of 137.25. A Raman 
spectrometer was used to analyze the GO compositions in the cells, which were 
recorded on a Thermo Scientific DXR Raman microscope using 780 nm excitation 
from a diode-pumped, solid state (DPSS) laser. FTIR was conducted to analyze the 
chemical groups on the cellar surface, and the results were recorded on a Bruker 
Tensor 27 infrared spectrometer with a resolution of 2 cm"^ at 4,000-400 cm~\ A 
measured amount of biomass was mixed with potassium bromide (mass ratios = 
2 : 98). The mixture was ground into fine particles and compressed into a translucent 
sample disk with a manual hydraulic press. The disks were then fixed in the FTIR 
apparatus for analysis. 

Electrolyte leakage. Electrolyte leakage was measured to detect membrane 
permeability and assessed as described in a previous report*^. Root samples were 
washed three times using pure water to remove surface-adhered electrolytes. The 
roots were placed in closed vials containing 10 mL of pure water and incubated at 
25°C on a shaker at 500 rmp for 24 h, after which the electrical conductivity of the 
solution (ECo) was determined. The samples were then autoclaved at 120°C for 
20 min, and the final electrical conductivity (ECt) was obtained after equilibration at 
25°C. Electrolyte leakage was defined as follows: electrolyte leakage (%) = [ECo/ECt] 
X 100. 

Detection of As uptake and transformation. Samples of the roots and shoots with 
a fresh weight of 0.1 g were lyophilized. The samples were then ground in 5 mL of 
methanol and water (volume ratio, 2:1). As was extracted using ultrasound at 
150 W for 30 min. Subsequently, the samples were centrifuged at 8,000 g for 
15 min, and the supernatant was collected. The sediments were extracted and 
centrifuged again, and the two supernatants were combined. After filtration 
through a 0.22 [im membrane, 1 |iL of the sample was injected into HPLC-ICP- 
MS (Agilent 1260/7700X). As a sub -experiment, the direct interactions of GO with 
As were studied in the aqueous phase. As(V) at 10 mg/L reacted with a GO at 0.1- 
10 mg/L in the same incubator as was used for seed germination. The suspension 
was filtered to separate GO (diameter, 465-486 nm, center at 476 nm) with an 
ultrafilter (3KD, approximately 10 nm pore, Millipore). The filtrate was directed 
analyzed using HPLC-ICP-MS. The adsorbed As was successively eluted using 
0.5 mL of 1 M NaOH, 0.5 mL of 1 M HCl and 0.5 mL of water. The eluent was 
analyzed through HPLC-ICP-MS. In all samples, As(V), As(III), dimethylarsinate 
and monomethylarsinate were detected. 

Arsenate reductase activity. Arsenate reductase activity was assayed using the 
coupled enzymatic reaction described by Duan et al''^. The assay was performed in 
50 mM 3-(N-morpholino) propanesulfonic acid, 50 mM 2-(N- 
morpholino)ethanesulfonic acid, pH 6.5, containing 1.5 mM nicotinamide adenine 
dinucleotide phosphate, 1 unit of yeast glutaredoxins, 1 mM glutathione and 10 mM 
sodium arsenate, in a total volume of 1.5 mL. All of the measurements were 



performed at 30°C. The oxidation of nicotinamide adenine dinucleotide phosphate 
was monitored by recording the decrease in absorbance using a TU-1901 
spectrophotometer with UVWin5 software. 

Expression of phosphate transporter genes. The analysis of phosphate transporter 
gene expression was described in detail previously^". Briefly, based on known high- 
affinity phosphate transporter sequences, degenerate polymerase chain reaction 
(PGR) primers were designed against highly conserved regions identified through 
sequence alignment. A combination of two upstream primers (5'-TTYTTYCANG- 
AYGCNTAYGAY-3' and 5'-GTNCCNGGNTAYTGGTTYCANGT-3') and a 
downstream primer (5'-GGNCCRAARTTNGCRAARAA-3') were chosen for PGR. 
For phosphate transporter sequences, first-strand cDNA synthesis was performed on 
1 |ig of total RNA as a template with 5 pmol of the antisense primer 5'- 
GGNCCRAARTTNGCRAARAA-3'. For 18S RNA reactions, the antisense primer 
5'-CACTTCACCGGACCATTCAATCG-3' was employed for first-strand synthesis 
using 0.5 |ig of total RNA as a template. 

Statistical analyses. All treatments included three replicates, and the mean ± SD 
(standard deviation) is presented with error bars. A t-test with Welch approximation 
for unequal group variances with P-values based on the t-distribution was performed 
with a cutoff of P < 0.05 in Multiple Experiment Viewer 4. PGA and OPLS-DA were 
performed using SIMCA-P 1 1.5 software. A heat map was generated using MeV 4.8.1 
software. The default distance metric for HCL was Pearson correlation, and the 
linkage method selection was average linkage clustering. 
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